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ABSTRACT
We present the first dynamical study of Blue Straggler Stars (BSSs) in three Galactic globular clusters,
NGC 3201, NGC 5139 (ωCen), and NGC 6218, based on medium-resolution spectroscopy (R ≈ 10000) ob-
tained with the Inamori-Magellan Areal Camera & Spectrograph (IMACS) mounted at the 6.5 meter Baade
Magellan telescope. Our BSS candidate selection technique uses HST/ACS and ESO/WFI photometric data
out to > 4.5 rc. We use radial velocity measurements to discard non-members and achieve a success rate of
∼ 93%, which yields a sample of 116 confirmed BSSs. Using the penalized pixel fitting method (pPXF) we
measure the v sin(i) values of the sample BSSs and find their distribution functions peaked at slow velocities
with a long tail towards fast velocities in each globular cluster. About 90% of the BSS population in NGC 3201
and NGC 6218 exhibit values in the range 10−50 km s−1, while about 80% of the BSSs in ωCen show v sin(i)
values between 20 and 70 km s−1. We find that the BSSs in NGC 3201 and NGC 6218 which show v sin(i)>50
km s−1 are all found in the central cluster regions, inside a projected 2 rc, of their parent clusters. We find a
similar result in ωCen for BSSs with v sin(i)> 70 km s−1 which are all, except for two, concentrated inside
2 rc. In all globular clusters we find rapidly rotating BSSs that have relatively high differential radial velocities
which likely put them on hyperbolic orbits, suggestive of strong dynamical interactions in the past. Based on
stellar spin down and dynamical crossing timescales we estimate that all the observed rapidly rotating BSSs are
likely to form in their central cluster regions no longer than ∼ 300 Myr ago and may be subsequently ejected
from their host globular clusters. Using dereddened V −I colors of our photometric selection we show that
blue BSSs in ωCen with (V−I)0 .0.25 mag show a significantly increased v sin(i) dispersion compared with
their red counterparts and all other BSSs in our sample, therefore strongly implying that fast rotating BSSs in
ωCen are preferentially bluer, i.e. more massive. This may indicate that this particular blue BSS population
was formed in an unique formation event and/or through an unique mechanism.
Subject headings: globular clusters: general — globular clusters: individual (NGC 3201, NGC 5139,
NGC 6218)
1. INTRODUCTION
1.1. The Nature of Blue Straggler Stars
Globular Clusters (GCs) are excellent laboratories of stel-
lar evolution and host abundant representatives of some of the
more exotic stellar evolutionary phases. One such, still rel-
atively unexplored phase is known by the name of its rep-
resentatives, namely Blue Straggler Stars (BSSs). BSSs are
characterized by their effective temperatures and luminosities
as members of the main-sequence stellar population. How-
ever, given the ages of their host GCs they are expected to
have evolved off the main-sequence to become red giant stars
long time ago as their Hertzsprung-Russell diagram parame-
ters place them at higher temperatures and luminosities, thus
higher stellar masses, with respect to the main-sequence turn-
off point (Stryker 1993; Bailyn 1995). The existence of BSSs
implies that they must form in more recent events, after the
majority of the constituent GC stellar population was formed.
1.2. BSS Formation Mechanisms
In the recent literature, two formation mechanisms have
gained most acceptance and are currently lively debated: i)
BSSs form in stellar mergers induced by stellar collisions or
binary interaction (Lombardi et al. 2002), or ii) BSSs are re-
juvenated stars forming by mass transfer in a binary system
(see Sills 2010, for a detailed review). Both of these scenar-
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ios are believed to be actively at work and their predominance
being a function of the local environment. It was first sug-
gested that collision-induced BSSs are expected to form in
the high density parts of GCs while mass-transfer BSSs are
thought to form in the loose outskirts of GCs (Fusi Pecci et
al. 1992). Although first efforts aimed at measuring which of
the two mechanisms dominated (Knigge et al. 2009), there
is recent evidence that both mechanisms are simultaneously
at work in GCs (Leigh et al. 2011). Recently, Ferraro et al.
(2009) confirmed the presence of two distinct BSS sequences
in M30 in a deep color-magnitude diagram (CMD) study,
which the authors believe is suggestive of different formation
histories/mechanisms for each BSS sequence. M30 is thought
to have undergone core-collapse which could be responsible
for the observed two BSS sequences in the CMD. In this re-
spect, being able to distinguish between different BSS forma-
tion processes could become a powerful tool to constrain the
GC dynamical evolution history (see also Ferraro et al. 2012).
1.3. BSS Formation Diagnostics
Previous attempts at detecting a certain BSS formation
mechanism is the C-O depletion measured in six 47 Tuc BSSs
(Ferraro et al. 2006a). Such C-O depleted BSSs are expected
if during their formation they accreted CNO-processed mate-
rial from their binary companions. Therefore, such chemical
anomalies may directly point to a mass-transfer mechanism.
However, most of the BSSs in the sample were located in the
outer regions of 47 Tuc, where mass-transfer induced BSS
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formation is expected to be the dominant mechanism, and
still only 14% of the studied BSSs were found having this
C-O depletion (i.e. mass-transfer) signature. It is clear that the
problem of BSS formation is far from being fully understood,
and it is therefore fundamental to perform similar chemical
analyses, including other elements, of BSSs in larger samples
of GCs, significantly increasing the sample statistics.
Another potential indicator of the BSS formation mecha-
nism may be their rotational velocity distribution function. In
the mass-transfer scenario, the resulting BSS is believed to
conserve most of the angular momentum from the binary sys-
tem (Sarna & De Greve 1996), therefore becoming a fast ro-
tator (vrot > 50 km s−1), as well as in the collision-induced
formation scenario, in which it is also claimed that BSSs are
formed having high rotational velocities (Benz & Hills 1987).
However, models show that in both cases BSSs could lose
most of their initial angular momentum through mechanisms
such as accretion disk braking/locking (Sills et al. 2005). This
means that being able to link certain rotational velocity distri-
butions to a certain formation mechanism is rather still com-
plex. Previous surveys of rotational velocities of BSSs in-
clude Lovisi et al. (2010) who found that 40% of the mea-
sured BSSs in M4 are fast rotators, which is the largest fre-
quency of rapidly rotating BSSs ever detected in a GC, al-
though no C-O depletion was found in any of these BSSs. An-
other study (Ferraro et al. 2006b) shows a flat radial distri-
bution for the BSSs in NGC 5139 (ωCen), suggesting that
this cluster is not completely relaxed yet, and therefore its
BSS population would have been mainly formed in a mass-
transfer scenario in binaries. The same group has completed a
spectroscopic survey of 78 BSSs in ωCen and found that the
majority of them have rotational velocities v sin(i) < 20 km
s−1, but still a considerable fraction (30%) are fast rotators
of which some rotate even faster than 100 km s−1 (Lovisi et
al. 2013a). Following the intriguing BSS double-sequence in
M30 mentioned earlier, 12 BSSs were also observed in this
cluster and most of them were found to rotate slowly (Lo-
visi et al. 2013b). Yet another example is the rotational veloc-
ity distribution measured for NGC 6397 (Lovisi et al. 2012)
which shows most BSSs to rotate very slowly, and only one
of them being a fast rotator. The apparent tendency is there-
fore a similar BSS rotational velocity distribution function for
many GCs, usually peaked around 10 km s−1, and a low frac-
tion of fast rotators, except for the cases of M4 and ωCen.
The clear link between these observations and a definitive for-
mation mechanism is still very unclear, since neither chem-
ical analysis nor models have been able to successfully in-
terpret these results. This rather complex scenario calls for
larger surveys simultaneously sampling dynamical and chem-
ical properties of BSSs with a homogeneous dataset in order
to get a wider picture of the BSS formation processes and to
improve on the statistical significance of previous results. In
that context, we carry out this study which presents the first
results of a pilot program intended to set constraints on the
formation mechanisms of BSSs in GCs based on their spec-
tral characteristics. We select three GCs: NGC 3201 (α2000=
10h17m36.82s, δ2000=−46d24′44.9′′), NGC 6218 (α2000=
16h47m14.18s, δ2000 = −01d56′54.7′′), and NGC 5139
(ωCen; α2000=13h26m47.24s, δ2000=−47d28′46.5′′). Their
BSS populations have not been previously characterized spec-
troscopically, except for the case of ωCen as described above.
This paper is organized as follows: Section 2 describes the
observations and data reduction process. Section 3 analyzes
the radial and rotational velocities of BSSs. In Section 4 we
discuss the properties of BSSs in the context of our results,
and summarize the main result and conclusions in Section 5.
2. OBSERVATIONS AND DATA REDUCTION
2.1. Instrumental Setup and Target Selection
The data used in this work were obtained as part of the
observing program CNTAC2012A-101 using the multi-slit
mode of the IMACS f/4 spectrograph mounted on the 6.5-
meter Baade Telescope at Las Campanas Observatory. The
observations were performed on the night of March 21st,
2012, with overall good sky conditions and an average
seeing of 0.6′′. Multi-slit masks were cut to obtain spectra
of 42, 61 and 34 BSS candidates in NGC 3201, ωCen
and NGC 6218, respectively. The slit mask configurations
were designed such that the center of each GC was placed
near the slit-mask center in order to homogeneously obtain
spectra of BSS candidates located at as much as ∼ 10′ of
radial cluster-centric distance. In this manner we radially
sampled the targets up to approximately 8.5, 4.6, and 6.8 rc
in NGC 3201, ωCen, and NGC 6218, respectively. The
science observations consisted of 20-minute sub-exposures,
from which we obtained total exposure times of 1h:40m for
NGC 3201 and NGC 6218, and 1h:20m for ωCen, providing a
mean signal-to-noise ratio of S/N≈ 70. Interspersed between
the science target observations, we also obtained spectra for
two photometric standards, five rotational velocity standards
and arc calibration frames. Standard bias and flat-field
frames were obtained at the beginning and at the end of
the night. The instrumental spectrograph configuration for
all multi-object science exposures consisted of 4′′ long and
0.7′′ wide slits and the 1200 l/mm grism blazed at 17.45o,
which yields a wavelength coverage of ∼3600-5200 A˚ with
a spectral resolution of R ≈ 10000 and a resulting velocity
resolution of ∼ 15 km/s. The corresponding instrumental
dispersion relation is ∼0.2 A˚/pix.
The spectroscopic BSS target selection was performed on
F606W (∼V ) and F814W (∼I) band photometric catalogs
from the HST/ACS Galactic GC Survey (Sarajedini et al.
2007) combined with catalogs generated using wide-field im-
ager (WFI) data obtained from the ESO science archive1 plus
a large WFI photometric catalog of ωCen available online
(Bellini et al. 2009). The reason for combining HST and WFI
catalogs is that the wide field channel (WFC) of the ACS cam-
era samples only the inner∼ 3′×3′ of the target GCs while the
WFI data extends well outside the∼ 15′×15′ field of view of
the IMACS f/4 camera. By combining these two datasets we
guarantee homogeneous sampling of the dense core regions
and the outskirts of each GC. The BSS candidates were se-
lected from making color and magnitude cuts in the CMDs of
each GC. The selection criteria is the one from Leigh et al.
(2009) which uses the V and I filter magnitudes to determine
regions in the CMD that are exclusive to specific stellar evolu-
tionary phases. These selection criteria and the physical limits
of the mask design, set by the slit length and width, resulted
in a final selection of 137 BSS candidates. Figure 1 shows
the CMDs of all three GCs and the spatial distribution of all
photometrically selected BSS candidates using HST/ACS and
ESO/WFI data.
1 http://archive.eso.org
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Figure 1. (Left column): Color-magnitude diagrams (CMDs) of our target clusters NGC 3201 (top row), NGC 5139 (middle row), and NGC 6218 (bottom row)
obtained from ACS photometry (left sub-panels) and WFI photometry (right sub-panels), with the selection of BSS candidates labeled as circles and triangles
for the ACS (blue circles) and WFI data (red triangles), respectively. (Right column): Spatial locations of the BSSs in each GC with respect to the cluster center
position. Inner and outer dashed circles correspond to the cluster core radius and half-light radius, respectively, as reported in Harris (1996).
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Figure 2. Example spectra of BSSs for spectral ranges around Hβ (left column) and the Mgb triplet (right column). We show three representative cases corre-
sponding to approximately the maximum, the median, and the minimum values of the S/N distribution, illustrated in Figure 3. The top panels correspond to a
S/N≈160, the middle panels are for a S/N≈70 and the bottom panels correspond to a S/N≈20.
2.2. Data Reduction
The reduction of the data was performed in different levels
in order to obtain 1-dimensional spectra for each individual
BSS candidate from the original frames that contain the multi-
slit exposures. The major part of this work was performed
using the COSMOS reduction software (v2.18)2, which is
a suite of programs dedicated for the reduction of multi-slit
spectroscopy data obtained with the IMACS instrument on
the Baade Magellan Telescope. Standard bias and flat-field
2 The routines were obtained through the Carnegie Observatory Software
Repository, located at http://code.obs.carnegiescience.edu/cosmos.
calibration is performed with COSMOS sub-routines.
This package allows for an accurate prediction of the loca-
tion of spectral features of individual slits thanks to a series
of alignment and calibration procedures based on raytracing
models of the instrument. These models provide a map that
is accurate down to ∼ 2−3 pixels. The program then uses
the arc frames to correct these predictions to an accuracy of a
fraction of a pixel, constructing the final field distortion map
that is then used for the science data wavelength calibration.
The final wavelength solution we obtain is accurate to about
∼ 0.2− 0.3 pixels for all targets. We then apply the corre-
sponding calibrations and subtract the sky through different
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Figure 3. The distribution of the median signal-to-noise (S/N) values of all
our sample BSS candidate spectra. Approximately half of our spectra have
S/N values larger than ∼70 and 20% of them have S/N > 100.
tasks in COSMOS and get the individual 2-dimensional spec-
tra for each target. These spectra are then resampled to a lin-
ear wavelength scale with a dispersion of 0.1 A˚/pix. The final
1-dimensional extraction is then performed using IRAF3 task
APALL. We show in Figure 2 the Hβ and Mgb triplet spec-
tral regions for different BSSs spanning the representatives
values of S/N, as obtained from its distribution shown in Fig-
ure 3. We discard spectra with S/N<20 and others affected by
contamination, resulting in sample sizes of 41, 49 and 32 BSS
candidates in NGC 3201, ωCen and NGC 6218, respectively.
3. ANALYSIS
3.1. Radial Velocities and Cluster Membership
We perform radial velocity measurements for all our spectra
in order to study the membership likelihood and to compare
our measurements with the GC radial velocity values found in
the literature. We use the IRAF task FXCOR (Tonry & Davis
1979) to compute radial velocities via Fourier cross correla-
tion between the science data and a set of template spectra. As
templates we use the high-resolution (R = 42000) spectra
from the ELODIE library (Prugniel & Soubiran 2001). In
most cases, strong absorption regions like the Balmer lines
and the Mgb triplet region were used in the cross correlation
and for all our targets we avoided spectral regions affected
by cosmic-ray hits and the CCD inter-chip gaps. The radial
velocities obtained are however relative to the frame of refer-
ence of the template spectra used in the task FXCOR, therefore
we repeat the process with our observed standards stars and
compare the radial velocities obtained against those in the lit-
erature. This way we can calculate the radial shifts of the tem-
plates themselves and use this to calibrate the values obtained
for each BSS. The final laboratory restframe radial velocity
3 IRAF is distributed by the National Optical Astronomy Observatories,
which is operated by the Association of Universities for Research in Astron-
omy, Inc. (AURA) under cooperative agreement with the National Science
Foundation
was calculated by taking the error-weighed mean of five mea-
surements from different templates. We used the IRAF task
RVCORRECT to obtain the final heliocentric radial velocities
by using the date, location, and sky coordinates of the obser-
vations to correct for the Earth’s relative velocity against the
Sun. The final heliocentric radial-velocity distributions of our
sample BSS candidates are shown in Figure 4 for each GC.
The corresponding heliocentric radial velocities of
NGC 3201, ωCen, and NGC 6218 from Harris (1996) are
shown as long-dashed lines while the mean values of our
measurements are shown as short-dashed vertical lines.
For all GCs, we find mean radial velocity values that are
not more than ∼4-8 km s−1 different from the literature
values. We use our mean radial velocities to study the
cluster membership of each BSS candidate. These values
are 502.4 ± 11.2, 227.2 ± 26, and −44.6 ± 14.2 km s−1 for
NGC 3201, NGC 5139, and NGC 6218, respectively4, where
the errors correspond to 1σ. We adopt a 3-σ cut and label
outliers rather than eliminating them from the sample, in
order to individually check their membership likelihood. In
Figure 4, all outliers are labeled and the non-filled bins
show stars with radial velocities off the limits of the figure.
After this cut, we are left with 36, 47 and 31 BSSs in NGC
3201, ωCen and NGC 6218 respectively. Overall we find
that ∼ 93% of our BSS candidates show radial velocities
consistent with the system velocity of their parent GC. This
suggests that the field star contamination is low (few %),
indicating that BSSs are majorly exclusive elements of dense
stellar environments as found in GCs. The outliers found
in each sample can be divided arbitrarily into two groups:
the ones with radial velocity differences larger than 100 km
s−1 with respect to the mean value, and the ones in which
the difference is less than that. We choose to further include
outlier stars from the second group under the criteria that
these could be BSSs that formed in strong dynamical events
which then transferred large amounts of momentum into
kinetic energy. These are star A5 and C1 from NGC 3201
and NGC 6218, respectively, which will be also studied in
order to check their role in the final dynamical distribution
functions for each GC.
The bulk of the distributions in Figure 4 is, in all cases,
fairly symmetrically distributed around the mean value, with
very few outliers. The width of the distributions is similar for
NGC 3201 (σRV=11.2 km s−1) and NGC 6218 (σRV=14.2
km s−1), while ωCen shows about a factor of 2 larger value,
i.e. σRV = 26 km s−1. This is qualitatively consistent with
the central velocity dispersions reported in Harris (1996),
i.e. σ0=5.0 (NGC 3201), 16.8 (NGC 5139), and 4.5 km s−1
(NGC 6218). However, the radial velocity dispersions are sys-
tematically larger than the central parts of the constituent stel-
lar populations in each GC, which interestingly could be ex-
plained by dynamical interactions such as those that might
form a BSS, or by the fact that BSSs are likely to be part of
binary systems, and therefore their radial velocities could be
enhanced by orbital motion. This intriguing result requires
confirmation with larger BSS samples testing whether BSSs
have different radial velocity dispersion profiles than the rest
of the GC stellar population.
3.1.1. Field Stars Contamination
4 The corresponding median values are 500.2, 225.5 and -47.3 km s−1,
respectively.
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The fact that we are including stars such as A5 and C1 into
our BSS sample calls for a better understanding of how sus-
ceptible our sample is to field stars contamination. In order to
get an approximate idea we have checked the radial velocity
distributions of field stars using the galactic model of Robin et
al. (2003) and found that the field stars in the line of sight of
NGC 3201 and NGC 5139 have radial velocity values ranging
−50<vr<150 km s−1 and−100<vr<100 km s−1, respec-
tively. These velocities are clearly distinct from the systemic
velocities found for these two globular clusters, and, there-
fore, the probability of our BSSs being false positives is very
low. This is also the case for outliers such as star A5 which
is also highly inconsistent with the radial velocity distribution
of field stars along that line of sight. For field stars along the
NGC 6218 line of sight we find model predicted radial veloci-
ties in the range −150<vr<150 km s−1 (which includes the
radial velocity found for star C1), even with a peak in their
distribution function around −40 km s−1, which is very sim-
ilar to what is found for the mean radial velocity of BSSs in
NGC 6218. Hence, the BSS radial velocity distribution in this
globular cluster requires particular attention. For this we have
searched the proper motion data catalog of Zloczewski et al.
(2012) and found measurements for 16 out of our 32 BSSs
studied in NGC 6218. All of them show proper motions con-
sistent with being cluster members. We then check the radial
velocity distribution of these 16 BSSs and find that they pop-
ulate the entire radial velocity distribution found for the entire
sample of 32 BSSs. A Kolmogorov-Smirnov test shows that
the sample of proper-motion confirmed BSSs and the entire
sample are likely to have identical radial velocity distributions
with a p-value>0.8. This, of course, does not completely rule
out the possibility of including field stars in our sample, yet if
there happened to be such contaminants, these results suggest
that they would consist of a minor fraction. We do not have
proper motion information for star C1 and so a final conclu-
sion cannot be drawn concerning its membership probability.
We note that this is the innermost star in the sample, which
alone favours the cluster membership option. The inclusion
of A5 and C1 in the confirmed BSS sample must, therefore,
be handled with care.
3.2. BSS Rotational Velocities
3.2.1. pPXF: The Code
Rotational velocities are obtained for all our sample star
spectra by using the penalized pixel fitting algorithm called
pPXF, which is an IDL program to extract the kinematics of
stellar populations from integrated-light absorption-line spec-
tra of galaxies. This software implements the penalized pixel-
fitting method developed by Cappellari & Emsellem (2004) as
a way to recover the central velocity, v, and the standard devi-
ation, σ, as well as high-order moments such as skewness and
kurtosis from the line-of-sight velocity distribution (LOSVD)
through a Gauss-Hermite expansion of the absorption-line
profile of the following form:
L(ν) = e
−(1/2)y2
σ
√
2pi
[
1 +
M∑
m=3
hmHm(y)
]
(1)
where ν is the frequency, y = (ν − v)/σ, Hm are Her-
mite polynomials and L(ν) is the LOSVD. The program uses
”initial guess” input values of v and σ to convolve template
spectra in order to fit the object spectra. The fitting consists
of a nonlinear least-squares optimization of the parameters
C1 
B1 B2 
A5 
A1-A4 
Figure 4. Radial velocity distributions of the BSS candidates in each GC.
The long-dashed lines mark the values of the GC radial velocities given in
Harris (1996), while the short-dashed vertical lines are the median values
obtained from our data. The solid red line shows a non-parametric Epanech-
nikov-kernel probability density estimate with 90% confidence limits repre-
sented by the dotted red lines. The BSSs that have odd velocities are labeled
in the figure. The non-filled bins correspond to BSS candidates with odd ve-
locities out of the limits of the figure. A1, A2, A3 and A4 have velocities
between 25 and 56 km s−1. B1 and B2 have velocities of 15.6 and 360.6 km
s−1 respectively.
v, σ, h3, ..., hM . The code then uses a penalty function, de-
rived from the deviation of the object line profile from a Gaus-
sian, which is added to the χ2 of the fit. Therefore, a penalized
χ2 is calculated as:
χ2p = χ
2(1 + λ2D2) (2)
whereD2 is the penalty function, that according to the authors
can be approximated by
D2 ≈
M∑
m=3
h2m, (3)
and λ, which is a bias parameter chosen by the user. The fit-
ting is iterated until the variance is minimized and the fit con-
verges. This pPXF procedure predisposes the solution with a
single Gaussian when the S/N is low, while it is able to re-
cover the higher-order moments of the absorption line spec-
trum when the S/N is high. For more details on the algorithm
the reader is referred to Cappellari & Emsellem (2004).
3.2.2. pPXF: Understanding Systematics and Capabilities through
Monte-Carlo Simulations
The bias parameter described above must be adjusted del-
icately to prevent the pPXF code from losing the high-order
features in the object spectrum. For this we preformed a se-
ries of Monte-Carlo simulations in which we used a repre-
sentative spectrum from our data to inspect the behaviour of
the penalty function. First we used pPXF to fit a LOSVD to
the object spectrum using no penalty function (bias=0) find-
ing the un-biased values of (h3, h4). We then used these val-
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Figure 5. (Top panels): Monte-Carlo simulations using pPXF for estimating
a proper bias parameter. Plotted are the recovered Gauss-Hermite moments
h3 and h4 as a function of the input velocity dispersion σin. The upper panels
show the results for a low value of the bias parameter (0.1), while the bottom
panels show the corresponding plots for a high bias value (0.4). The code is
very efficient in recovering the input values in the case of a low bias param-
eter. The lower plots show the same experiment when using a high value for
the bias parameter and illustrate clearly that the algorithm underestimates the
values of the high-order features if the penalty is too large. In all cases the
red line indicates the real value of the LOSVD and the vertical dashed lines
mark the 3×(velocity scale) limit, which is the point when the code starts
becoming insensitive to any Gaussian deviation. (Center and bottom panels):
Results of the measurements of the LOSVD parameters (v, σ, h3, h4) for dif-
ferent input values of σ. For all plots the red line marks the input values of
the LOSVD and the vertical dashed line is the 3×(velocity scale) limit, which
is where the code starts becoming insensitive to any Gaussian deviation.
ues as input and ran pPXF several times, each time convolv-
ing the object spectrum with a successively larger σLOSVD
kernel. We repeated this process for different values of the
bias parameter and found the maximum penalty value such
that, for σ > 3×(velocity scale), which is the lower limit at
which the program becomes insensitive to any deviation from
a Gaussian absorption profile at any S/N (Cappellari & Em-
sellem 2004), the mean difference between the output and the
input parameters is well within the scatter of the simulation.
We then choose this maximum value as the bias parameter.
This is illustrated in Figure 5 for two cases: one with a low
penalty (bias = 0.1) and one with an overly high penalty (bias
= 0.4). We observe that, as expected, a too large penalty can
make the code lose information on the high-order features of
the spectrum, such as h3 and h4. Our analysis shows that the
value bias = 0.2 gives the best results. We use this bias value
throughout all subsequent pPXF runs.
The next step is to test the stability of the solution when
varying the amount of spectral range used by the fit. For this
we create an artificial single Gaussian absorption line with a
FWHM = 0.3 A˚, which corresponds to the instrumental pro-
Figure 6. Comparison of the σLOSVD values obtained with pPXF against
literature values of v sin(i) for our rotational velocity standard stars. The
solid line shows the unity relation and the dashed lines show the ±5 km
s−1 typical error range found for low rotational velocities. The small inset
panel shows the same comparison for the fastest rotating standard star and
the dashed lines show the ±20 km s−1 typical error range found for high
rotational velocities, i.e. σ&100 km s−1.
file of the IMACS spectra, and add poisson noise to obtain
S/N = 70 (see Figure 3). We then perform the same simula-
tion as above, i.e. we convolve the absorption line to repro-
duce an arbitrary LOSVD and then try to recover the param-
eters using the same original artificial line as a template. The
key variable here is the amount of pixels (i.e. continuum) that
we include in the fit. The spectral resolution of our resampled
IMACS data is 0.1 A˚/pix. Thus, a typical fitting range of 100
pixels corresponds to 10 A˚. We find that for different spectral
ranges the code is able to recover v and σ to within about
±20 km s−1 when the absorption line is broader than σ≥120
km s−1, and to within about ±5 km s−1 when the absorp-
tion line has σ < 100 km s−1. The bottom panels in Figure 5
show the results from one of these simulations for a spec-
tral range of 100 A˚. This result is stable for spectral ranges
between approximately 70 and 300 A˚. For smaller and larger
spectral ranges the code begins to produce uncertainties in v
and σ close to ±40 km s−1 for absorption lines with σ≥100
km s−1.
3.2.3. Measuring v sin(i) of BSS candidates
The broadening of the absorption lines depends on the stel-
lar rotational velocity and the viewing angle of the rotational
axis. Here we calculate the projected rotational velocities by
adopting the relation:
v sin(i) = α·σLOSVD (4)
where σLOSVD is the standard deviation of the line-of-sight
velocity distribution function obtained from pPXF and α is
a proportionality factor. Although this factor cannot be mea-
sured from first principles and determined only statistically,
we can calibrate the fidelity to recover the rotational veloc-
ities of standard stars. Generally, differential effects related
to variations in the micro/macro turbulence as well as tem-
perature broadening are all assumed to be part of this scaling
parameter α, to O(0) independent of the input σLOSVD.
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Figure 7. Comparison of the final mean 〈σ〉 values versus the individual σ
measurements obtained at different spectral regions for all the BSSs candi-
dates in NGC 3201 (top panel), NGC 5139 (middle panel), and NGC 6218
(bottom panel). The dashed lines show the unity relation in all panels.
Table 1
Sample properties of rotational velocity standards
Star ID v sin(i) Spectral Type Reference
HD69267 4.0 km/s K4III Fekel (1997)
HD71155 124.5 km/s A0V Royer et al. (2002)
Bernacca & Perinotto (1970)
HD131977 1.2 km/s K4V Fekel (1997)
HD161096 2.5 km/s K2III Fekel (1997)
HD188512 1.4 km/s G8IV Fekel (1997)
Note. — These rotational velocity template standard stars were observed with the
same instrumental setup and under the same observing conditions as our science targets.
During our observations we obtained spectra of five rota-
tional velocity standard stars which are summarized in Ta-
ble 1. The results of the calibration are illustrated in Fig-
ure 6. Each measurement and error bar corresponds to the
mean value and the 1-σ value from four pPXF runs around
different spectral regions including Hβ, Hγ, the Mgb triplet,
and the MgII4481 line. Each of these four values are in turn
the median value of ten pPXF runs which differ in the size of
the spectral range around those absorption line features. The
dashed lines in Figure 6 show the error range expected at these
low and high values for σLOSVD. In particular we expect a
dispersion of about 5 km s−1 for low σLOSVD and a disper-
sion up to 20 km s−1 for σLOSVD > 100 km s−1 (see Sec-
tion 3.2.2). We see that, within the errors, our measurements
are consistent with the unity relation and therefore, for sim-
plicity, we will adopt α= 1 and consequently, for the rest of
this paper, we will consider our final σLOSVD measurements
equal to v sin(i).
For our BSS sample we run pPXF using spectra from the
ELODIE high-resolution spectral library as templates. We se-
lect from this library twelve spectra with high S/N (>100) and
spectral types A0V, F0V and G2V in order to sample an ap-
propriate spectral type, i.e. stellar mass range. The selection
also requires the templates to have small rotational velocities
(v sin(i)'5 km s−1) in order to avoid an additive bias in the
v sin(i) values and to guarantee enough sensitivity in the slow
rotator range. In the same way, we also include template stars
with moderate (v sin(i). 30 km s−1), fast (v sin(i)> 50 km
s−1), and extremely fast (v sin(i) > 100 km s−1) rotational
velocities in order to properly fit BSSs with high rotational ve-
locities. Similar to what is described for the standards, we cal-
culate the final v sin(i) for a star by taking the error-weighed
average σ value of the fit of four, or less, spectral regions, de-
pending on each spectra due to chip gaps and the quality of
the fit. Each of these values is in turn a median value from
ten fits, each of these having different sizes of the spectral
range typically between 100 and 300 A˚. We plot the measure-
ments from the fittings around each spectral region and com-
pare them with the mean final value, 〈σ〉, to check how well
constrained our results are and also to test for any strong de-
pendence with the spectral region of the fit. This comparison
is shown in Figure 7 for each BSS in each GC. The error bars
on the y-axis come from taking the 1-σ deviation in the set of
ten values. Given that the wavelength ranges of the fit change
in each run, therefore varying the amount of potentially bad
pixels (specially close to the chip gaps), we are vulnerable
to spurious solutions, which most of the times are left out
when taking the median, but that affects the overall statistical
uncertainty. The large error bars in ωCen are mainly due to
this effect, since these spectra are of the lowest S/N given the
high level of crowding and difficult sky subtraction in each
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Figure 8. Comparison between the spectral profiles of Hβ and Hγ for two
BSSs in NGC 3201 with similar atmospheric parameters, particularly BSS2,
in blue, and BSS19, in red, as labeled in Table 2, where the former has an
estimated v sin(i)=84.0 km s−1 and the latter shows v sin(i)=29.4 km s−1.
The difference in photometric color is ∆(V − I)=0.04 mag, therefore im-
plying very similar effective temperatures. Note how the finer features are
smoothed with fast rotation, as well as the bottom of the Balmer lines.
slit. For the other two GCs, however, we note that the ex-
pected errors can account for most of the dispersion between
different measurements, and also the unity relation seems to
hold for all spectral ranges in all GCs. This, in turn, rules out
the possibility of any strong bias in v sin(i) introduced by the
fit of a particular spectral region. We interpret this last result
also in favor of including regions around the Balmer lines as
acceptable v sin(i) estimators even though the Balmer lines
themselves are very sensitive to gravity and temperature vari-
ations. In fact, we find that if we select a pair of BSSs from
the same GC which have very similar colors (therefore we
assume similar metallicity and temperature) and different es-
timated rotational velocities, the spectral profile of the Hβ and
Hγ lines are almost identical between a fast and a slow rotat-
ing BSS, except for the shape of the bottom of the line, which
gets smoothed with fast rotation (see Figure 8). The fitting
will be, therefore, mostly determined by the finer absorption
features and by the shape of the bottom of the Balmer lines. As
a final check, we note that the MgII4481 line should be ideal
for v sin(i) measurements in late A type stars given that it is
free from strong pressure broadening (Gray 2008). Therefore,
the consistency observed in Figure 7 is suggesting that, within
the errors, we can use the regions around the Balmer lines as
reliable indicators.
The final v sin(i) distribution for each GC is shown in Fig-
ure 9, while the values are listed in Table 2, Table 3 and Ta-
ble 4, for NGC 3201, ωCen and NGC 6218, respectively. The
cases of NGC 3201 and NGC 6218 are similar, in the way that
both show the peak of the distribution around ∼ 20−30 km
s−1. Approximately 90% of the distributions for these GCs
are found in the range of between 10 km s−1 and 50 km s−1.
The other 10% of BSSs, which have v sin(i)>50 km s−1, lie
in the long tail of the distribution which goes up to ∼ 90 km
C1 
A5 
Figure 9. Distributions of the v sin(i) measurements for all BSSs in
NGC 3201 (top), NGC 5139 (middle), and NGC 6218 (bottom panel). The
red solid curves illustrate non-parametric probability density estimates using
an Epanechnikov kernel function together with their 90% confidence limits
shown as dotted curves. Note that the probability density estimate takes into
account the uncertainties of the individual measurements. Due to the lower
S/N of the NGC 5139 measurements the curves appear less peaked than for
the other two GCs. The two labeled BSSs (A5 and C1) with extreme v sin(i)
values correspond to those labeled in Figure 4.
s−1 for NGC 6218 and up to ∼ 130 km s−1 for NGC 3201.
Note that in these GCs, the fastest rotating BSSs are outliers
in the radial velocity distribution, which could also be a clue
to their formation history. The case of ωCen is different since
it shows a v sin(i) distribution slightly shifted towards higher
rotational velocities. The bulk of its distribution function is
between 20 and 70 km s−1, with a peak around 30 km s−1.
This bulk contains 80% of the total sample and the remain-
ing BSSs form a tail of the distribution function with v sin(i)
values up to ∼160 km s−1. For this massive GC, the fraction
of BSSs with v sin(i) > 50 km s−1 corresponds to 30%, in
agreement to what was reported in Lovisi et al. (2013a) for
their sample.
We note that, contrary to what is normally found, we find
no BSSs rotating slower than 10 km s−1, and, in the case of
ωCen, no BSSs rotating slower than 20 km s−1. Therefore,
we may be systematically overestimating the v sin(i) for slow
rotators. One possible explanation of such a relatively high
lower v sin(i) cut-off might be simply due to our sample se-
lection. Another reason might be that our v sin(i) calibration
(Figure 6) which is based on late-type stars to fix the slow ro-
tating end of the v sin(i) parameter space, is affected signifi-
cantly different than in the hotter target BSSs, probably due to
large differences in the micro and macro-turbulence, as well
as in the temperature broadening between late and early type
stars, which could well be of the order of 10 km s−1. Since we
concentrate on distribution functions of slow and fast rotators
and only care about distinguishing between them, we do not
expect this issue to affect any of our conclusions based on the
differential analysis.
4. DISCUSSION
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Figure 10. Correlation between the projected cluster-centric distance
vs. v sin(i) for BSSs in NGC 3201 (red triangles), NGC 5139 (black dia-
monds), and NGC 6218 (blue squares). The symbol sizes are parametrized
by the radial velocity offset with respect to the systemic velocity of the host
GC and are scaled as shown in the upper right. The dashed vertical lines in-
dicate the central velocity dispersion of each GC, color coded as the symbol
color. The two labeled BSSs correspond to the ones in Figures 4 and 9. Note
that for NGC 5139 we lack spatial coverage beyond ∼ 4.5 rc and, thus, do
not cover the outermost regions (see also Figure 1).
4.1. BSS Spatial Distribution
One of the strongest clues to understanding the nature of
BSSs comes from their spatial distribution in GCs. The radial
distribution profiles of the BSS fractions are clearly bimodal
for many GCs (Ferraro et al. 1997), but much flatter for oth-
ers (Dalessandro et al. 2008; Ferraro et al. 2006b). This radial
density profile morphology was recently claimed to be tightly
related to the dynamical state of the parent GC (Ferraro et al.
2012). At the same time, many ideas were put forward regard-
ing the dependence of this distribution on the environment for
different BSS formation channels (Piotto et al. 2004; Davies
et al. 2004). In particular, it was claimed that mass transfer
BSSs would form preferentially in the loose outskirts of GCs
where the low stellar densities would allow binary systems
to survive long enough to transfer sufficient stellar material
from the donor star, while such binaries would get disrupted
much more rapidly in the dense cluster cores. In contrast,
BSSs formed through collisions were expected to be found
preferentially in GC cores, where the stellar densities are high
enough for these relatively rare events to actually occur at sig-
nificant rates (Ferraro et al. 1997). This scenario has not yet
clearly been demonstrated observationally to be at work, and
evidence so far is very unclear about the spatially dependent
importance of the different BSS formation channels due to the
fact that both types of BSS populations are simultaneously
present in a GC.
The large spatial coverage of our BSS sample allows us
to search for spatial correlations between v sin(i) and the
cluster-centric radius. This may unveil differences in the two
populations identified by their v sin(i) signatures: BSSs that
belong to the bulk of the v sin(i) distribution, i.e. with rota-
tional velocities around ∼ 10−70 km s−1 and rapidly rotat-
ing5 BSSs with v sin(i) > 70 km s−1. In Figure 10 we plot
the BSS v sin(i) values against their projected cluster-centric
distance in units of the GC core radius, adopting the values
rc = 1.3
′, 2.37′, and 0.79′ for the core radius of NGC 3201,
NGC 5139, and NGC 6218, respectively, taken from the 2010
update of Harris (1996). We find that, with the exception of
two BSSs in ωCen, all fast rotating BSSs are significantly
concentrated within ∼2 rc, while BSSs with v sin(i)<70 km
s−1 populate the entire spatial extent of their parent GC. This
relation also holds for BSSs with v sin(i) below and above 50
km s−1 (the usual fast rotator limit) in NGC 3201 and NGC
6218. We also show, as vertical dashed lines, the central ve-
locity dispersion of each GC in order to asses the possibility
of star blending causing the inner BSSs to appear artificially
as fast rotators. We see that, in all three GCs, the velocity dis-
persion is significantly smaller than the rotational velocities
of the fastest BSSs and therefore unable to be causing this
spatial pattern. Interestingly, the fastest rotators in NGC 3201
(A5) and NGC 6218 (C1) have anomalous radial velocities
and are located, in projection, even deeper in the cluster cen-
ter at < 0.5 rc. Like the two fast rotators in ωCen at > 2 rc,
these two rapidly rotating BSSs could possibly be in the early
stage of ejection from their host GCs, given their projected
locations and radial velocity offsets with respect to their par-
ent stellar system. On the other hand, if the two fast rotators
in ωCen at >2 rc were also formed in the inner regions, then
they are possibly already well in the process of ejection. In
agreement with this, we find that the furthest out of the two
has a radial velocity of 288.3 km s−1, right on the edge of
the radial velocity distribution of ωCen (see Figure 4). An-
other interpretation is simply that fast rotating BSSs form at
the same rate both in the outskirts and in the central core of
its parent GC, and they later sink down into the inner regions
due to mass segregation processes. Our data favors the first
scenario, the one in which fast rotating BSSs form preferen-
tially in the inner regions, since, in all three GCs, we find
slow rotating BSSs distributed across the entire cluster’s spa-
tial extent with a certain underlying density profile, while fast
rotators seem to depart from such a profile into a much more
concentrated one. A Kolmogorov-Smirnov test has been per-
formed on the slow- and fast-rotating BSS subsamples and it
was found that the hypothesis in which the group consisting of
BSSs with v sin(i)>70 km s−1 and the one with v sin(i)<70
km s−1 are drawn from the same cluster-centric density dis-
tribution has a p-value< 0.005. This is consistent with our
idea that fast rotating BSSs are indeed located preferentially
in the deeper regions of these clusters. The same test was
performed for the individual clusters and we found a p-value
<0.04 for NGC 3201 and NGC 6218, while NGC 5139 gives
a p-value<0.2. Therefore, even for the individual samples we
find that the radial distributions of fast rotating BSSs are con-
sistent with being shifted towards the inner regions compared
to the radial distribution of slow rotating BSSs.
Lovisi et al. (2010) reported three fast rotators in M4 having
anomalous radial velocities and suggested a scenario in which
three and four-body interactions occurring in the dense GC
cores may be responsible for creating these fast rotating BSSs
by transferring large amounts of angular momentum into ki-
netic energy. As stated in the last paragraph, we think our re-
sults can be linked to the same phenomenon, where the pro-
genitors of some fast-rotating BSSs in our sample experienced
5 The term ’fast rotator’ will, from now on, be used for BSSs with
v sin(i)&70 km s−1, unless it is stated otherwise.
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Figure 11. Color-Magnitude Diagrams for all three GCs. Big circles are the
BSS candidates and the color of the circle shows the v sin(i) value. Note
that bluer BSSs are preferentially faster rotators than redder BSSs. This is
best seen in ω Cen. The BSS with anomalously high radial velocities corre-
sponding to those labeled in Figure 4 and 9 are labeled accordingly.
a recent interaction event in the GC core regions that put them
on a hyperbolic trajectory, kicking the BSS out of the GC
gravitational potential at relatively high velocities (vrad∼100
km s−1).
4.2. Spin-Down and Ejection Timescale Estimates for
Rapidly Rotating BSSs
As will be show in a future paper of this series, we find typ-
ical BSS masses in the range of 0.8−1.35M in our sample
GCs. We use the stellar evolution models of Ekstro¨m et al.
(2012) to estimate the typical spin-down timescales for stars
in this mass range and find that the longest spin-down time to
reach equatorial rotational velocities below veq,rot ' 10 km
s−1 is about 200−300 Myr for 0.8M stars and decreases to
∼100 Myr for a 1.35M star. In addition to this internal stel-
lar dynamics estimate, we use a back of the envelope calcula-
tion including the quantities provided in Georgiev et al. (2009)
and Harris (1996) to compute the escape times from the GC
centre out to the tidal radius for the two rapidly rotating BSSs
in NGC 3201 (A5) and NGC 6218 (C1). Our calculations give
an upper limit of ∼ 400 kyr for these BSSs to escape their
parent GCs, which would mean that these two rapidly rotat-
ing BSSs, if indeed were formed in the core, must have been
formed no longer than some hundred thousands years ago, as-
suming also that the dynamical interaction which set them at
high velocities was the same that caused their formation. Sim-
ilarly, the BSS in ωCen located at>2 rc and with high relative
radial velocity previously mentioned could have migrated to
its projected location after∼200 kyr if it started its ejection at
∼1rc. Hence, we suggest that these rapidly rotating BSSs that
are likely in the process of ejection must have experienced
strong dynamical interaction no longer than ∼105 yrs, which
would set a very significant constraint on their age, if we as-
sume that these dynamical interaction were also responsible
for their formation. More generally, based on the spin-down
timescale estimates, we suggest that the observed rapidly ro-
tating BSSs with v sin(i)> 70 km s−1 formed in strong dy-
namical interaction events in the central regions of their host
GCs no longer than ∼300 Myr ago.
4.3. BSS colors vs. v sin(i)
The CMD location of BSSs in relation with their parent
GC’s stellar population can be a powerful tool for determin-
ing their formation history. In Figure 11 we plot the CMDs of
our target GCs and explicitly show the BSS v sin(i) values in
order to search for global trends. Even though slow and fast
rotators are spread over all colors and magnitudes, an unex-
pected global trend seems to hold for NGC 5139: the fastest
rotating BSSs are preferentially bluer than the slower rotat-
ing BSSs. We illustrate this more clearly in Figure 12 where
we plot the BSS v sin(i) vs. their dereddened V −I color, i.e.
(V −I)0. Reddening values were obtained from Dotter et al.
(2010) for NGC 3201 and NGC 6218 and from Villanova et
al. (2007) for ωCen using Cardelli et al. (1989) extinction law
with RV = 3.1. The increase in the v sin(i) dispersion for
BSS with (V −I)0 . 0.25 mag is striking. In NGC 3201 and
NGC 6218, the number of blue BSSs is smaller and a larger
sample is required to decide whether a similar trend exists
in these GCs. In any case, the majority of red BSSs with
colours (V − I)0 & 0.25 mag show a significantly smaller
v sin(i) dispersion than their blue counterparts with few out-
liers at high v sin(i) values. We defer the discussion of corre-
lations between v sin(i) values and stellar masses and ages to
a future paper, but point out that there is an apparent v sin(i)
dichotomy between cool and hot BSSs.
5. SUMMARY
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Figure 12. Dereddened V − I colors versus v sin(i) values for our sam-
ple BSSs in each target GC, NGC 3201, NGC 5139, and NGC 6218. Note
significant increase of the v sin(i) dispersion in NGC 5139 for BSS colors
(V − I)0 . 0.25 mag. The symbol sizes are parametrized by the radial
velocity offset with respect to the systemic velocity of the host GC and are
scaled as shown in Figure 10. The dashed vertical lines show stellar effective
temperature values that correspond to different V−I colors as derived by the
relations from Bessell et al. (1998).
We obtained multi-object spectroscopy (R ≈ 10000) with
IMACS on the 6.5-meter Baade Telescope at Las Campanas
observatory for 137 BSS candidates in three Milky Way GCs
(NGC 3201, NGC 5139, and NGC 6218). The BSS candidates
were selected from optical HST/ACS and ESO/WFI photome-
try and resulted in 116 (∼93%) of confirmed BSSs with radial
velocities consistent with the host GC systemic velocity for
which good quality spectra could be obtained. We convolve
template spectra to fit the absorption line profiles of several
strong spectral features employing the pPXF technique (Cap-
pellari & Emsellem 2004) and conduct detailed Monte-Carlo
simulations to determine the fidelity and to constrain the in-
fluence of systematics involved in our analysis.
We find a bimodal distribution of BSS v sin(i) values in
all three target GCs, with ∼ 90% of the BSS population hav-
ing v sin(i) values between 10 and 50 km s−1 and a peak
value around 20−30 km s−1 in NGC 3201 and NGC 6218,
while in ωCen ∼ 80% of the BSS population has v sin(i)
values between 20 and 70 km s−1 and a peak around 30 km
s−1. The lower limit of the v sin(i) distributions (and hence,
their peaks) seem higher than what is found in other GCs and
we argue that this could be due to either our sample selec-
tion, or due to a systematical overestimation of v sin(i) for
the slowest rotating BSSs by ∼10 km s−1. This, in any case,
would not affect our conclusions based on comparative anal-
ysis (fast versus slow rotating BSSs). For all GCs, we find
rapidly-rotating BSSs with v sin(i) > 70 km s−1, which are
predominantly found in the central regions of their parent GCs
and have sometimes differential radial velocities that are con-
sistent with stars in the process of being ejected from their
host stellar systems through hyperbolic orbits. We discuss
the spin-down timescales of these rapidly-rotating BSSs us-
ing calculations for main-sequence stars with equivalent stel-
lar masses and compare them to calculations of the dynamical
ejection timescales from their host GCs. We suggest that, in
general, most BSSs with v sin(i) > 70 km s−1 formed no
longer than ∼ 300 Myr ago in cluster core regions and may
be subsequently ejected from their parent GCs. We find two
fast rotating BSSs in NGC 3201 (A4) and in NGC 6218 (C1)
likely in the early process of ejection which must have experi-
enced strong dynamical events no longer than some∼105 yrs,
as well as one rapidly rotating BSS in ωCen which, as well,
appears to be on a hyperbolic trajectory. These strong dynam-
ical events in which BSSs might be kicked out of their parent
GCs are likely to be related to their initial formation process.
We investigate the BSS v sin(i) values as a function of their
photometric properties and find that in ωCen the blue BSS
population with colors (V −I)0 . 0.25 mag shows a signif-
icantly larger v sin(i) dispersion than their red counterparts.
This remarkable difference between blue and red BSSs is not
obvious in the other two GCs due to the smaller BSS sam-
ples. This is the first time that photometric properties can be
related to dynamical properties of BSSs, such as their ro-
tational and differential radial velocity. We have shown that
there is a fundamental bimodality in the v sin(i) distributions
of BSSs and a significant difference in the way BSSs populate
the CMD of ωCen according to their internal dynamics. This,
in turn, is likely related to differences in their formation pro-
cesses and will be discussed in forthcoming papers of this se-
ries.
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